Abstract-The current imbalance among the two input capacitors is one of the important issues of the half-bridge three-level (HBTL) dc/dc converter, which would affect system performance and reliability. In this paper, a zero-voltage switching (ZVS) pulsewide modulation (PWM) strategy including two operation modes is proposed. Based on the proposed ZVS PWM strategy, a capacitor current-balancing control is proposed for the HBTL dc/dc converter, where the currents on the two input capacitors can be kept balanced by alternating the two operation modes of the proposed ZVS PWM strategy. Therefore, the proposed control strategy can improve the performance and reliability of the converter in the aspect of balancing the thermal stresses and lifetimes among the two input capacitors. Finally, simulation and experimental studies are conducted and results verify the proposed control strategy.
the promising solutions for the dc distribution system development because the power switches in the TL converter only need to withstand half of the input voltage [9] [10] [11] [12] . The TL circuit structure was first applied into the dc/dc converter in [13] and [14] . Based on the conventional TL dc/dc converter, many other studies about TL dc/dc converters have been presented in [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Barbi et al. [24] proposed a novel four-switch half-bridge three-level (HBTL) dc/dc converter with zero-voltage switching (ZVS) control strategy, which only added one dc -blocking capacitor but removed two clamped diodes in comparison with the conventional TL dc/dc converter. Due to the low cost and compact circuit structure, the four-switch HBTL dc/dc converter has become attractive for industrial applications [25] [26] [27] [28] . Shi and Yang [25] presented new solutions to achieve the wide range soft-switching based on the four-switch HBTL converter, in which four kinds of new pulse-wide modulation (PWM) TL dc/dc converters were proposed for the industrial application. In [26] , a new PWM TL combined dc/dc converter was proposed to achieve wide range soft-switching. A secondary-side phaseshift controlled ZVS dc/dc converter with wide voltage gain and a three-phase dc/dc converter with low voltage stress on the power switches were proposed in [27] and [28] for the highvoltage applications. In addition, [29] presented a new control strategy to balance the voltages on the two input capacitors for the four-switch HBTL dc/dc converter.
The above literatures mainly focus on the topics about improving the converter's performance by increasing the efficiency or enhancing the converter's reliability by balancing the input capacitor voltages. Unfortunately, there are few studies about the currents flowing through the input capacitors of the fourswitch HBTL dc/dc converter, which would make significant influences on the reliability of the converter [30] , [31] . In [24] , it is analyzed that the currents among the two input capacitors in the four-switch HBTL converter are balanced based on the assumption that the input power supply is regarded as an ideal voltage source, which means that the input current can change abruptly along with the switching actions. However, in the real applications, these abrupt changes of the input current in the switching period are impractical because of the effect from the output inductance of the input power supply and the inductance of the input line on the input current, which would result in the current imbalance among the two input capacitors in the four-switch HBTL dc/dc converter. Furthermore, this current imbalance would become larger along with the output power increasing and input voltage increasing, and make influence on the converter's reliability in aspects of the thermal stress imbalance and lifetime imbalance among the two input capacitors.
In this paper, a ZVS PWM strategy and a capacitor currentbalancing control are proposed for the four-switch HBTL dc/dc converter. The proposed ZVS PWM strategy is composed of two operation modes. Based on the proposed ZVS PWM strategy, a capacitor current-balancing control is proposed by alternating the two operation modes of the proposed PWM strategy, which can effectively eliminate the current imbalance among the two input capacitors. In addition, the switching losses caused by the hard switching at the light load situation can be distributed evenly among the four power switches by using the proposed control strategy. Therefore, the proposed control can balance the thermal stresses, lifetimes among the two input capacitors, and balance the thermal stresses among the four power switches at the light load situation, which thus can improve the converter's performance and reliability. The currents on the two input capacitors of the four-switch HBTL dc/dc converter are analyzed in detail when considering the effect from the output inductance of the input power supply and inductance of the input line on the input current.
This paper is organized as follows. Section II analyzes the current imbalance issue in the four-bridge HBTL dc/dc converter under the conventional control strategy. Section III proposes the ZVS PWM strategy including the two operation modes and analyzes the performances of the four-switch HBTL dc/dc converter under the proposed ZVS PWM strategy. Section IV proposes the capacitor current-balancing control and analyzes the performances of the four-switch HBTL dc/dc converter under the proposed capacitor current-balancing control. Section V presents the simulation and experimental results to verify the proposed control strategy. Finally, the main contributions are summarized in Section VI. Fig. 1(a) shows the structure of the four-switch HBTL dc/dc converter. In the primary side, two input capacitors C 1 and C 2 are used to split the input voltage V in into two voltages V 1 and V 2 ; S 1 − S 4 and D 1 − D 4 are power switches and diodes; T r is the high-frequency transformer; L r is the leakage inductance of T r ; C s1 − C s4 are the parasitic capacitors of S 1 − S 4 ; C b is the dc -blocking capacitor. In the secondary side, there are four rectifier diodes D r 1 − D r 4 , one output filter inductor L o , and one output filter capacitor C o . In Fig. 1(a) , i in is the input current; i c1 and i c2 are the currents flowing through C 1 and C 2 , respectively; V pri and i p are the primary voltage and current of the transformer T r ; i Lo is the current through L o ; V cb is the voltage on the dc-blocking capacitor C b ; i o and V o are the output current and output voltage; V ab is the voltage between point a and b; n is the turns ratio of the transformer T r . Fig. 1(b) shows the conventional control strategy [24] and main waveforms of the four-switch HBTL dc/dc converter. In 
II. CAPACITOR CURRENT IMBALANCE UNDER CONVENTIONAL CONTROL STRATEGY

A. Converter Structure and Conventional Control Strategy
B. Capacitor Current Imbalance Analysis
Before discussing about the currents on the two input capacitors of the four-switch HBTL dc/dc converter, several assumptions are made, as below, to simplify the analysis: 1) the inductance of the output filter inductor L o is large enough to be considered as a current source; 2) the power switches S 1 − S 4 are ideal, which means that the effects of the parasitic capacitors are neglected; 3) the input current i in is considered as a constant in the switching period due to the effect from the output inductance of the input power supply and inductance of the input line on the input current. According to Fig. 1(b) , i c1 and i c2 in one switching period T s can be expressed as 
According to Fig. 1(b) , the primary current i p in one switching period T s can be described as
Substituting (3) into (1) and (2), i c1 and i c2 in one switching period can be rewritten as
In the steady-state situation, the time intervals [t 2 − t 6 ] and [t 9 − t 12 ] are the same as shown in Fig. 1(b) , which can be calculated by
According to (4)- (6), the root-mean-square (RMS) values of i c1 and i c2 under the conventional control strategy namely i c1 rms con and i c2 rms con can be calculated by the following, which are listed in Table I : see (7) and (8) shown at the bottom of the page.
Based on (7) and (8), the difference between i c1 rms con and i c2 rms con namely Δi c rms con can be calculated by the following, which is also listed in Table I :
From (7) and (8) , it can be seen that the currents on the two input capacitors i c1 and i c2 are imbalanced under the conventional control strategy and i c2 rms con is bigger than i c1 rms con because d 2 is bigger than d 1 in the normal operations. What is worse, this current imbalance issue would result in the thermal stress imbalance and lifetime imbalance among the two input capacitors, which would affect the reliability of the converter. 0.5 in the two operation modes, which avoids the short currents through the switch pairs (S 1 , S 2 ) and (S 3 , S 4 ). In addition, the two operation modes have the same output characteristics because the primary currents i p and primary voltages V ab in the two operation modes are the same as shown in Fig. 2 . Fig. 3 shows equivalent circuits to explain the operation principle of the operation mode I. At t 15 , the following work operation in the next period starts, which is the same as the first switching period. The main difference between the operation mode I and operation mode II is that the currents i c1 and i c2 shift each other as figured by red color in Fig. 2 . The operation principle analysis of the operation mode II is similar to that of the operation mode I, which is not repeated here.
III. PROPOSED ZVS PWM STRATEGY
A. Proposed ZVS PWM Strategy
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B. Conditions of ZVS Achievement
Before discussing the conditions of the ZVS achievement, one assumption is made that the four power switches S 1 − S 4 have the same parasitic capacitors namely C s
In the operation mode I, in order to ensure S 1 or S 3 realizing zero-voltage switch-on, the energy E 1 is needed to fully discharge the parasitic capacitor of the in-coming switch and charge the parasitic capacitor of the out-going switch. Taking t 8 in Fig. 2(a) as example, E 1 for the switch S 3 to achieve zerovoltage switch-on can be expressed as the following, according to the energy of these two parasitic capacitors:
(11) During the time internal [t 8 − t 10 ] as shown in Fig. 2(a) , the output filter inductor is reflected to the primary side and is in series with the leakage inductance of the transformer. Therefore, the energy to achieve zero-voltage switch-on for S 1 and S 3 is provided by both the output filter inductance and the leakage inductance of the transformer. Normally, the output filter inductance is large enough to realize the zero-voltage switch-on for S 1 and S 3 even at light load.
The energy E 2 from the leakage inductance of the transformer is used to achieve zero-voltage switch-on of switches S 2 and S 4 . In order to achieve the zero-voltage switch-on of S 2 or S 4 , the energy E 2 should satisfy the requirement of (12) to fully discharge the parasitic capacitor of the in-coming switch and charge the parasitic capacitor of the out-going switch. The switches S 2 and S 4 are more difficult to achieve zero-voltage switch-on than that of S 1 and S 3 since the leakage inductance L r is quite smaller than the reflected output filter inductance
In the operation mode II, the energy from both the output filter inductance and leakage inductance of the transformer is provided for the switches S 2 , S 4 to realize the zero-voltage switch-on, and the energy from the leakage inductance of the transformer is provided for the switches S 1 , S 3 to achieve the zero-voltage switch-on, which is just contrary to the operation mode I. The analysis of the ZVS achievement conditions in the operation mode II is similar to that in the operation mode I, which is not repeated here.
The ZVS achievement conditions under the proposed PWM strategy are almost the same as that under the conventional control strategy. For instance, the needed energy to achieve ZVS for the switch pairs S 2 , S 4 and S 1 , S 3 in the operation mode II is the same as that for the switch pairs S 2 , S 4 and S 1 , S 3 in the conventional control strategy shown in Fig. 1(b) . Therefore, the switching losses under the conventional control strategy and proposed ZVS PWM strategy are almost the same.
C. Proposed ZVS PWM Strategy Analysis
Assuming that the dc-blocking capacitor is large enough to be considered as a voltage source, the voltage on the dc-blocking capacitor V cb in the steady states is
If neglecting the duty cycle loss d loss , the output voltage V o can be obtained by the following, according to Fig. 2 :
Substituting (13) into (14), then the output voltage V o can be rewritten as
In the real operation, the duty cycle loss d loss as shown in Fig. 2 would affect the output voltage V o , which can be calculated by
After considering the effect of the duty cycle loss d loss , the output voltage V o can be further expressed in the following, according to (15) and (16):
IV. PROPOSED CAPACITOR CURRENT-BALANCING CONTROL
A. Proposed Capacitor Current-Balancing Control
According to the analysis in Section III, the main difference between the two operation modes of the proposed ZVS PWM strategy is the currents flowing through the two input capacitors. The RMS value of i c1 is bigger than that of i c2 in the operation mode I, but the RMS value of i c1 is smaller than that of i c2 in the operation mode II. Therefore, based on this difference between the two operation modes of the proposed ZVS PWM strategy, a capacitor current-balancing control for balancing the two currents i c1 and i c2 is proposed by alternating the two operation modes as shown in Fig. 4 .
In the proposed control, the operation mode I is used in the first switching period and the operation mode II is used in the second switching period, which achieves that the currents on the two input capacitors are the same in every two switching periods as shown in Fig. 4 .
The proposed capacitor current-balancing control operates by alternating the two operation modes of the proposed ZVS PWM strategy, so the ZVS achievement conditions of the proposed capacitor current-balancing control are the combination of the ZVS achievement conditions of the two operation modes. In the first switching period, as shown in Fig. 4 , the energy from both the output filter inductance and leakage inductance of the transformer is provided for S 3 , S 4 to realize the zero-voltage switch-on, and the energy from the leakage inductance of the transformer is provided for S 1 , S 2 to achieve the zero-voltage switch-on. In the second switching period, as shown in Fig. 4 , the ZVS achievement conditions are just contrary to that in the first switching period, which means the energy from both the output filter inductance and leakage inductance of the transformer is provided for S 1 , S 2 to realize the zero-voltage switch-on, and the energy from the leakage inductance of the transformer is provided for S 3 , S 4 to achieve the zero-voltage switch-on.
B. Input Capacitor Current Analysis
In Fig. 4 , the currents on the two input capacitors i c 1 and i c 2 in two switching periods can be expressed as
According to Fig. 4 , the primary current i p in one switching period can be expressed as
Substituting (20) into (18) and (19) , i c1 and i c2 in two switching periods can be rewritten as
In Fig. 4 , the time intervals [t 2 − t 7 ] and [t 16 − t 21 ] are the same, which can be described as
According to (21)- (23), the RMS values of i c1 and i c2 under the proposed capacitor current-balancing control namely i c1 rms pro and i c2 rms pro can be calculated by the following, which is listed in Table I :
From Table I , it can be observed that: 1) under the conventional control strategy, the RMS values of i c1 and i c2 are imbalanced, and the RMS value of i c1 is smaller than that of i c2 because d 2 is bigger than d 1 in the normal operations; 2) after utilizing the proposed control, the RMS values of i c1 and i c2 become the same, which means that the current imbalance among the two input capacitors in the four-switch HBTL dc/dc converter is eliminated by utilizing the proposed capacitor current-balancing control. One thing need to be mentioned is that (7), (8) , and (24) are derived based on the continuous primary current i p , therefore these equations are only suitable for the continuous conduction mode. By putting the circuit parameters in the Appendix into (7), (8), and (24), the calculated RMS values of i c1 and i c2 with various output power and output voltages are presented in Fig. 5 when the output voltage is 50 V. In addition, the calculated results by (9) about the difference between the RMS values of i c1 and i c2 under the conventional control strategy Δi c rms con are shown in Fig. 6 .
From Figs. 5 and 6, it can be seen that: 1) under the conventional control strategy, the RMS values of i c1 and i c2 are imbalanced, the RMS value of i c2 is bigger than that of i c1 ; 2) such capacitor current imbalance under the conventional control strategy becomes larger along with the output power increasing and input voltage increasing as shown in Fig. 6 , and the largest difference reaches 1.77 A when the output power increases to 1 kW and the input voltage increases to 550 V; 3) under the proposed control, the RMS values of i c1 and i c2 are kept balanced along with the output power increasing and output voltage increasing, and these RMS values of i c1 and i c2 range between the RMS values of i c1 and i c2 under the conventional control strategy.
C. Switching Loss Distribution Analysis
Based on the above analysis, it can be observed that the two power switches whose energy to achieve ZVS is from the leakage inductance of the transformer would first lose ZVS in comparison with the other two power switches whose energy to achieve ZVS is from the both the output filter inductance and leakage inductance of the transformer at the light load situation. As to the conventional control strategy as shown in Fig. 1(b) , S 1 and S 3 would always first lose zero-voltage switch-on at the light load whereas S 2 , S 4 can still realize zero-voltage switch-on, which means that the switching losses of S 1 and S 3 are more than that of S 2 and S 4 . However, as to the proposed capacitor currentbalancing control as show in Fig. 4 , S 1 , S 2 would first lose zerovoltage switch-on in the first switching period but S 3 , S 4 would first lose zero-voltage switch-on in the second switching period according to the above theoretical analysis in Section IV-A, which means the ZVS achievement conditions of (S 1 , S 2 ) and (S 3 , S 4 ) are shifted each other in every two switching periods. Therefore, the switching losses caused by the hard switching at the light load situation can be distributed evenly among the four power switches under the proposed capacitor current-balancing control.
In order to simplify the theoretical calculation about the switching losses of the power switches at the light load situation, one assumption is made that the two switches of the four switches would first lose zero-voltage switch-on when the energy of the leakage inductance E 2 as (12) deceases to ten percentage of the energy that can fully realize zero-voltage switch-on. Therefore, two switches are not able to realize zero-voltage switch-on when the output power is about 200 W according to (12) and the circuit parameters in the Appendix. Based on [32] , the theoretical calculation about the switching losses of the four power switches under the conventional control strategy and proposed control strategy is shown in Fig. 7 , where the output power is 200 W. From Fig. 7 , it can be observed that: 1) the switching losses of S 1 and S 3 are bigger than that of S 2 and S 4 under the conventional control strategy; 2) the switching loss of each switch is the same under the proposed control. Therefore, the thermal stresses on the four power switches S 1 − S 4 would be more balanced under the proposed capacitor current-balancing control than that under the conventional control strategy at the light load situation, which can improve the reliability of the converter.
V. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation Verification
In order to verify the proposed control strategy, a simulation model of the four-switch HBTL dc/dc converter is built in PLECS, whose circuit parameters are listed in the Appendix. In the simulation, the input voltage is 550 V, the output voltage is 50 V, and the output power is 1 kW. Fig. 8(a) shows the performances under the conventional control strategy, where i c1 and i c2 are imbalanced. Under the conventional control strategy, the RMS values of i c1 and i c2 are 3.05 and 5.11 A, and their average values are both 0 A. Fig. 8(b) shows the performances under the proposed control strategy, where i c1 and i c2 are kept balanced. Under the proposed control strategy, the RMS values of i c1 and i c2 are both 4.2 A, and their average values are both 0 A. From Fig. 8 , it can be also observed that the currents i c1 and i c2 are kept same in every two switching periods as marked in Fig. 8(b) , which is consistent with the above theoretical analysis. In summary, the simulation results verify that the current imbalance among the two input capacitors is effectively eliminated with the help of the proposed capacitor current-balancing control.
B. Experimental Verification
A 1-kW four-switch HBTL dc/dc converter prototype is built to verify the proposed control strategy. The specifications of the built prototype are listed in the Appendix. In the experiments, the input voltage is 450-550 V, and the output voltage V o is 50 V.
Figs. 9 and 10 show the ZVS achievement conditions under the proposed control strategy. Fig. 9 shows the primary current i p , driving signal V gs S 1 , and drain-source voltage V ds S 1 of the power switch S 1 , which illustrates that S 1 realizes ZVS and its voltage stress is half of the input voltage. Fig. 9 (a) and (b) shows ZVS of S 1 under 500 W and 1 kW, respectively. In Fig. 9 , the energy from the leakage inductance of the transformer is provided for S 1 to achieve the zero-voltage switch-on at zone 1, and the energy from both the output filter inductance and leakage inductance of the transformer is provided for S 1 to realize the zero-voltage switch-on at zone 2. Fig. 10 shows the primary current i p , driving signal V gs S 3 , and drain-source voltage V ds S 3 of the power switch S 3 , which illustrates that S 3 realizes ZVS and its voltage stress is half of the input voltage. Fig. 10(a) and (b) shows ZVS of S 3 under 500 W and 1 kW, respectively. In Fig. 10 , the energy from both the output filter inductance and leakage inductance of the transformer is provided for S 3 to achieve the zero-voltage switch-on at zone 1, and the energy from the leakage inductance of the transformer is provided for S 3 to realize the zero-voltage switch-on at zone 2.
Figs. 11-13 show the performances of the prototype under the working conditions that the input voltage V in is 550 V and the output power namely P o is 1 kW. Fig. 11(a) and (b) shows the currents i p , i o and voltages V in , V o under the conventional control strategy and proposed control strategy, respectively. From Fig. 11 , it can be seen that the primary currents i p are almost the same under the two control strategies. Fig. 12(a) an (b) shows the voltages on the two input capacitors V 1 , V 2 , the voltage on the dc-blocking capacitor V cb , and current i c2 under the conventional and proposed control strategy, respectively. From Fig. 12 , it can be observed that V 1 and V 2 are constant and balanced in the steady states under the two control strategies. The measured average values of the capacitor voltages V 1 and V 2 are both 271 V under the conventional control strategy, and they are both 273 V under the proposed control strategy. Fig. 13(a) shows that the currents through the two input capacitors i c1 and i c2 are imbalanced under the conventional control strategy, whose RMS values are 3.16, 5.18 A and average values are 125, 160 mA. Therefore, the difference between the RMS values of i c1 and i c2 is 2.02 A under the conventional control strategy. Fig. 13(b) shows that under the proposed control i c1 and i c2 are kept same in every two switching periods as marked in Fig. 13(b) , their RMS values are both 4.37 A and average values are 135, 155 mA, which is consistent with the theoretical analysis in Section IV. shown in Fig. 14 , it can be concluded that the current imbalance among the two input capacitors in the fourswitch HBTL dc/dc converter can be eliminated by utilizing the proposed control strategy. Fig. 15 shows the dynamic performance of the proposed control strategy. In Fig. 15 , the output load changs from 1 kW to 500 W and finally gets back to 1 kW when the input voltage V in is 550 V and output voltage V o is 50 V. From Fig. 15 , it can be observed that the voltages on the two input capacitors V 1 , V 2 and the voltage on the dc-blocking capacitor V cb are all constant under the proposed control strategy when the load changes.
The measured efficiency curves with various input voltages (450, 500, and 550 V) are presented in Fig. 16 when the output voltage V o is 50 V. The peak efficiency under the proposed control strategy is over 95%. With the input voltage V in increasing while the output power is constant: 1) the conduction losses of the primary side would decrease because the input current would decrease; 2) the switching losses would increase because ZVS achievement conditions would become worse. Whether the efficiency of the converter would increase or decrease with the input voltage increasing is decided by the combination of 1) and 2). Therefore, the reason why the efficiency under 500 V is higher than that under 550 V in Fig. 16 is that the value of the increasing switching losses is higher than that of the decreasing conduction losses when the input voltage V in changes from 500 to 550 V. In addition, the efficiencies under the proposed control strategy are slightly lower than that under the conventional control strategy, whose reason is that MOSFET is used for the power switches in the built prototype. For MOSFET, the primary current i p flows through the body diodes of the power switches instead of the power switches in the free-wheeling time under the proposed control, which would increase the conduction losses comparing with the conventional control strategy. If the input voltage increases and insulated gate bipolar transistor (IGBT) is selected for the power switches, the efficiencies under the two control strategies would be almost the same.
VI. CONCLUSION
This paper proposes a ZVS PWM strategy and a capacitor current-balancing control for the HBTL dc/dc converter. Under the conventional control strategy, there exists a current imbalance among the two input capacitors in the four-switch HBTL dc/dc converter due to the effect from the output inductance of the input power supply and the inductance of the input line on the input current, which would make influence on the converter's reliability. The proposed ZVS PWM strategy is composed of two operation modes. Based on the proposed ZVS PWM strategy, a capacitor current-balancing control is proposed by alternating the two operation modes of the proposed PWM strategy, which can effectively eliminate the current imbalance among the two input capacitors. Therefore, the performance and reliability of the converter can be improved by balancing the thermal stresses and lifetimes among the two input capacitors. Finally, the simulation and experimental results verify the feasibility and effectiveness of the proposed control strategy. APPENDIX See Table II. 
